Tension Based Tension Leg Platform (TBTLP) is an innovative concept wherein a Tension Leg Platform (TLP) designed for a certain depth can be extended to operate in deeper waters by mounting the surface structure (TLP) on a buoyant closed box structure, Tension Base. The motion control of Tension Base is very important for satisfactory performance of the mounted TLP. In this paper, the concepts are briefly introduced and experiments conducted on a 1:150 scaled model of the TBTLP in 3 m water depth with three different combinations of tether and mooring stiffnesses are presented. Experiments were also conducted on the same TLP (without Tension Base) in two different water depths (3 m and 1 m). Results are presented in terms of Response Amplitude Operators (RAOs) in the surge, heave and pitch degrees of freedom of TBTLP and are compared with RAOs of TLPs in 3 m and 1 m to highlight the efficacy of the new concept.
INTRODUCTION
Innovative concepts are being explored for deep water exploration and production offshore systems. Several types of compliant and floating systems are in operation worldwide in intermediate (~ 600 m) and deep waters (> 1000 m). Compliant structures like TLPs, Articulated Towers, and Guyed tower are more reliable wherein fixed offshore structures are not economically viable in intermediate waters.
Besides floating systems like Semi-submersibles, Spars, and FPSOs etc., be suitable for deep waters. TLP has its own advantages and proven characteristic to be a reliable structure of the offshore industry. There are 24 TLPs have been installed till 2010 (Wilhoit and Supan, 2010) .
TLP is a type of hybrid structure which has excess buoyancy than the weight of the structure. These structures have been connected to the seabed through steel pipes called tethers or tendons. Tethers are always in tension in all operating conditions and hold the structure at greater drafts than the free floating draft. Schematic view of conventional TLP and its degrees of freedom (dof) shown in Figure 1 (a). Conventional TLP usually have four columns interconnected with pontoons. Due to pretension in the tethers vertical plane motions (heave, pitch and roll) are almost restrained and resembles a fixed platform. TLPs are complaint in horizontal plane motions (surge, sway and yaw). Natural periods in vertical plane motions are less than the daily wave period range of 5 s to 30 s while horizontal plane motions are beyond this range. Most of the existing conventional TLPs are installed in water depth ranging between 147 m (Hutton TLP) to 910 m (Brutus TLP). But there are some limitations of the TLPs if water depth increases (say > 1500 m). Due to increase in the water depth, tether weight increases and axial stiffness of the tethers also tend to reduce; in order to maintain buoyancy and weight requirements vessel size have to be increased at the free water surface. This leads to additional environmental loads on the structure. To overcome the difficulties and to use the TLP concept to deeper waters, researchers have proposed different modified TLP concepts such as Mini TLPs (Kibbee, 1996) , Extended TLP (John, et al., 2009 ), Suspended TLP (Jagannadhan, 1992 , Raft TLP (Abbott, et al., 1995) and Tension Based TLP (Srinivasan, 1998) . The schematic view of TBTLP patented by Srinivasan (1998) is shown in Figure 1 (b) . It works on the principle of the inverted double pendulum and uses the Tension Base which is a stiffened box structure moored and positioned at mid-depth whereupon the TLP is mounted. By using this concept a TLP, which is designed for lower water depths can be extended to deeper water depths without modifications of the structure dimensions of the hull. The feature of the TBTLP has been widely discussed in literature (Nagan, 1995 (Nagan, , 2010 (Nagan, and 2011 . This structure has been studied numerically using ANSYS AQWA software (Bhaskara Rao, et al., 2012) . In this paper, experimental investigations carried out under regular waves on a 1:150 scaled model of TBTLP under combined tether and moorings are reported. Experiments were carried out on the TBTLP for three different bottom tether and mooring line stiffnesses. Experiments were also carried out on a TLP (without Tension Base) in two different water depths (3 m and 1 m). Results are presented in terms of Response Amplitude Operators (RAOs) in the surge, heave and pitch dof of TBTLP and are compared with RAOs of TLPs in 3 m and 1 m to highlight the efficacy of the new concept. (Chakrabarti, 1994) and the prototype and model details of TLP are given in Table 1 . TLP columns have been taken as a square cross section of side 0.14 m. Square cross sections have been suggested for easy fabrication and these square columns provide the maximum proportion of buoyancy to the structure. Conventional pontoons are replaced by truss pontoon to reduce the weight of the structure. The Tension Base is a buoyant square box with an opening at the centre wherein the TLP is mounted on the top of the base at the four corners through tethers, see Figure In shallower water depths the TLP behaves like inverted pendulum model wherein the transverse elastic model of the tether is not excited and the tether can be modeled as massless springs (Natvig and Johnsen, 2000) . In the surge motion the restoring forces are increased due to submergence of the TLP columns. The tethers are always straight and can rotate about this point of hinge on the sea floor. In deeper water the coupling of the tether dynamics with the platform dynamics is very important when the natural frequencies of the tethers fall within the wave frequency range. In this study, the concepts of TBTLP are studied within the limitations of the experimental facility. The influences of the Tension Base motions on the TLP are studied within the constraints. The influence of different mooring to restrict the motion of the tension base and its effect of the TLP are brought out. The basic concept of the a TLP designed for a lower water depth to extend to higher water depths without changing the dimensions of the TLP and introduction of a tension base are tested under the conditions of the tethers are not excited by the waves.
Details of tethers and mooring lines
TBTLP uses two structures (TLP and Tension Base) and two sets of tethers (bottom and top) and a set of mooring lines, see Figure 1 (b). The Tension Base is further moored by four mooring lines to reduce the motions of the Tension Base. In the present study, Stainless Steel (SS) wire of 0.45 mm was used to model the top tethers and mooring lines. Three different diameters of wires 0.45 mm, 0.6 mm and 0.7 mm were used to model the bottom tethers for connecting the Tension Base to the floor. All the SS wires were tested in the laboratory to ascertain their engineering properties. The Young's modulus (E) of the tethers was determined by a tension test using 500 mm long samples in an UTM and found to be 4.2 × 10 10 N/m 2 . A schematic diagram of the complete TBTLP model with tethers and moorings is shown in Figure 2. 
Instrumentation
Wave probes, accelerometers and inclinometers were used to measure various quantities during the experiments carried out on TBTLP and TLPs. For measuring in phase undisturbed wave surface elevation wave probes were placed in line with the axis of the platform and sufficiently away. Two single axis accelerometers were used to measure the acceleration in surge and heave and an inclinometer was used to measure the pitch response. Calibration of each instrument was carried out before starting the experiments.
Test cases
To study the behavior and the effectiveness of the TBTLP, experiments were conducted for different bottom tether and mooring stiffnesses. In all cases Tension Base is placed at half the water depth (1.5 m) from the bottom. The cases considered for experimental study are: 
RESPONSE TIME HISTORIES 3.1 Free decay tests
Free decay oscillation tests were carried out in still water condition of the TBTLP and TLP for all the cases considered in order to obtain the natural period and damping ratios of the structure. Time series were recorded by giving static displacement and by releasing suddenly. Natural period and damping ratios were obtained by the Logarithmic decrement method. Care has been taken while doing experiments to avoid coupling between degrees of freedom. Typical deduced free decay plots from accelerometer recordings for different cases are shown in Figure 5 .
Regular wave experiments
A 100 year wave in the Gulf of Mexico (Srinivasan, 2010) waters was chosen as a design wave for the prototype which has significant wave height (H s ) of 15.8 m and peak period (T p ) of 15.2 s. Significant range of periods for this sea state are in the range of 7.5 s to 24 s. Regular wave tests were conducted and responses were recorded in the surge, heave and pitch dof for wave period ranging from 0.67 s to 2.5 s in model scale, which corresponds to 8.16 s -30.62 s in prototype. The wave steepness range is 0.002 to 0.01. Experiments were conducted for different wave heights (2 cm to 10 cm) and RAOs for 6 cm are reported in this paper. Sample time history recorded for different cases are shown in Figure 6 . Motion responses are reported in terms of RAOs in the surge, heave and pitch dof. RAOs are obtained by dividing the response amplitude with the corresponding wave amplitude.
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Motion responses-response amplitude operators 4.2.1 TLPs at different water depths
The RAOs for TLP in two different water depths for surge, heave and pitch dof as obtained from experiments are shown in Figure 7 . due to the tether stiffening effect. RAO at wave period 2.5s for TLP at a water depth of 1 m is 62% more when compared to TLP at 3 m water depth. Figure 7 (b) shows the comparison of heave RAO of TLPs at two different water depths. In all cases heave RAO is increasing with the increase in wave period and the heave RAO for TLP at 3 m water depth is less than 0.06 and that of TLP at 1 m water depth is less than 0.01 for the ranges of wave period under consideration. Heave RAO for TLP at 3 m water depth is more because of reduction in vertical stiffness of tethers due to increase in water depth. 
TBTLP with combined bottom tether stiffness and mooring to TB
Experiments were conducted by varying the bottom tether stiffness and also by providing mooring to Tension Base as discussed in the section 2.3. Comparisons of RAOs are shown in Figure 8 in the surge, heave and pitch dof for TBTLP and TLPs. Surge RAOs (see, Figure 8 (a)) increase with increase in wave period for all cases. For wave periods less than 1.3 s surge RAOs do not show much difference between the TLPs and TBTLPs. The surge RAO of TBTLP increase as the bottom tether stiffness increase and is tending to the behavior of TLP at 1 m water depth. At wave period 2.5 s, the response of TBTLP (K -0.87K -0.61K) is similar to that of the TLP at same water depth and increase in response of 35% and 26% has been observed for higher bottom stiffesses of TBTLPs.
206
Experimental studies on a scaled model of a Tension Based Tension Leg Platform under combined mooring and tether conditions
International Journal of Ocean and Climate Systems experimental study it is concluded that by the provision of a Tension Base with suitable tethers and moorings the TLPs catering to a lower water depth can be extended to deeper water depths by introduction of a moored tension base without any modifications of the hull.
